The fatty acid transport protein (FATP) family is a group of proteins that are predicted to be components of specific fatty acid trafficking pathways. In mammalian systems, six different isoforms have been identified, which function in the import of exogenous fatty acids or in the activation of very long-chain fatty acids. This has led to controversy as to whether these proteins function as membrane-bound fatty acid transporters or as acylCoA synthetases, which activate long-chain fatty acids concomitant with transport. The yeast FATP orthologue, Fat1p, is a dual functional protein and is required for both the import of long-chain fatty acids and the activation of very long-chain fatty acids; these activities intrinsic to Fat1p are separable functions. To more precisely define the roles of the different mammalian isoforms in fatty acid trafficking, the six murine proteins (mmFATP1-6) were expressed and characterized in a genetically defined yeast strain, which cannot transport long-chain fatty acids and has reduced long-chain acylCoA synthetase activity (fat1⌬ faa1⌬). Each isoform was evaluated for fatty acid transport, fatty acid activation (using C 18:1 , C 20:4 , and C 24:0 as substrates), and accumulation of very long-chain fatty acids. Murine FATP1, -2, and -4 complemented the defects in fatty acid transport and very long-chain fatty acid activation associated with a deletion of the yeast FAT1 gene; mmFATP3, -5, and -6 did not complement the transport function even though each was localized to the yeast plasma membrane. Both mmFATP3 and -6 activated C 20:4 and C 24:0 , while the expression of mmFATP5 did not substantially increase acyl-CoA synthetases activities using the substrates tested. These data support the conclusion that the different mmFATP isoforms play unique roles in fatty acid trafficking, including the transport of exogenous long-chain fatty acids.
Definition of the biochemical mechanisms promoting the selective import and/or export of exogenous long-chain fatty acids (C 14 -C 20 ) has been the subject of considerable research. Some biophysical studies are consistent with the hypothesis that exogenous fatty acids partition into and flip between the membrane surfaces and do not require proteins to mediate translocation (1) (2) (3) (4) . However, it has been recently reported that membrane flip of exogenous fatty acids decreases with membrane curvature and is fundamentally a rate-limiting process (3, 5) . Using intracellular acrylodan-labeled fatty acid-binding protein to monitor fatty acid transport in 3T3F422A adipocytes, Kampf and Kleinfeld (3) found that fatty acid transport is a complex and highly regulated process that most likely requires the involvement of specific proteins. Additional support for a protein-mediated fatty acid transport system includes: demonstration that protease treatment decreases fatty acid uptake (6) , specific labeling of membrane proteins with affinity labeled fatty acid analogues (7) , and exhibition of increased or decreased uptake in response to extracellular stimuli including hormone treatments and nutritional cues (8 -12) . These investigations using both genetic and biochemical methods have shown that proteins participate in fatty acid transport, which likely reflects their roles in promoting specificity and targeting into downstream metabolic pools. Therefore, the passive diffusion hypothesis does not explain the selectivity and specificity of fatty acid transport in various cells and tissues.
Among the diverse protein families targeted as specific plasma membrane bound fatty acid transport proteins are the fatty acid transport proteins (FATP). 1 Schaffer and Lodish (13) identified the first murine FATP (designated mmFATP1) in 1994 using expression cloning and suggested this protein was specifically involved in the trafficking of exogenous long-chain fatty acids across the adipocyte plasma membrane. Our laboratory subsequently identified and characterized the Saccharomyces cerevisiae FATP orthologue Fat1p and demonstrated its role in the transport of exogenous fatty acids (14) . We further demonstrated that Fat1p and a cognate long-chain acyl-CoA synthetase (ACSL) (either Faa1p or Faa4p) form a functional complex at the plasma membrane and are involved in the coupled transport and activation of exogenous fatty acids (15) . Fat1p and ACSL are both necessary for fatty acid uptake when cells are grown anaerobically and require an exogenous source of unsaturated fatty acids (16) . Subsequent studies have demonstrated that mmFATP1 is fully functional in the trafficking of exogenous long-chain fatty acids when expressed in yeast (17) . Five additional murine FATP isoforms have been identified by sequence identities and similarities to FATP1 and their fatty acid transport activities characterized (18, 19) . Furthermore, over the past 2 years murine knock-out models for mmFATP1 (20) , mmFATP2 (21) , and mmFATP4 (22) (23) (24) have been developed, which generally support their roles in fatty acid transport and metabolism. Studies describing the knockout of mmFATP4 are consistent with the notion this protein is essential, although those describing the mmFATP1 knock-out show more subtle perturbations in fatty acid metabolism. Mice with a deletion in mmFATP2 were evaluated for very longchain acyl-CoA synthetase activity and ␤-oxidation, both of which were reduced. Fatty acid transport has not yet been evaluated in mmFATP2 knock-out mice. In all three cases, the experimental evidence is consistent with specific defects in fatty acid trafficking attesting to the importance of these proteins in lipid homeostasis.
In the early studies on the FATPs, it was noted that the proteins shared significant sequence homologies and domain organization to the ACSL enzymes placing the FATP proteins in the superfamily of adenylate forming acyl-CoA synthetases (13, 14) . This led to the concern that apparent fatty acid transport function was due to activation coupled with metabolism rather than transport. However, our work demonstrated that the deletion of the Fat1p structural gene (FAT1) in yeast did not have any impact on the long-chain (C 14:0 , C 16:0 , and C 18:1 ) acyl-CoA synthetase activities (14) . Subsequent studies by Watkins et al. (25, 26) showed that deletion of FAT1 in S. cerevisiae resulted in the depression of very long-chain (C 24:0 ) acyl-CoA synthetase (ACSVL) activities, which was correlated with an increase in intracellular very long-chain fatty acids (C 22 -C 26 ). More recent work has shown both mmFATP1 (27) and mmFATP4 (28) have ACSVL activity as well. These findings presented somewhat of a quagmire, as in general fatty acid transport appeared to be restricted to long-chain fatty acids, whereas the FATP-dependent activation activity had a preference toward very long-chain fatty acids. Recent studies by Hall et al. (29, 30) using purified mmFATP1 and mmFATP4 show that in vitro both proteins have acyl-CoA synthetase activities (preference for a broad range of fatty acid substrates for mmFATP1 and a preference for long-and very long-chain substrates for mmFATP4). The later study also showed that tissues from a FATP4 null mouse were defective in very longchain acyl-CoA synthetase activity; the long-chain acyl-CoA synthetase activities were unchanged in all of the tissues examined (30) . An additional complication comes from studies that have characterized mmFATP5 as a bile acid-CoA ligase (31) .
In an effort to define the roles played by the murine FATP isoforms (1) (2) (3) (4) (5) (6) in the transport and trafficking of exogenous fatty acids, we conducted studies where each protein was expressed and biochemically characterized in a genetically defined strain of yeast. Previously our laboratory constructed a yeast strain defective in fatty acid transport (fat1⌬) with reduced ACSL activity (faa1⌬), which we employed in the present work to define the biochemical properties of the murine FATP isoforms (15) . This work is the first side-by-side comparison of the different mmFATP isoforms, which demonstrates they have unique biochemical properties that are likely to be related to their roles in trafficking of fatty acids and other hydrophobic compounds, including bile acids. More specifically these data are consistent with the notion that mmFATP1, mmFATP2, and mmFATP4 can substitute for Fat1p in the long-chain fatty acid transport pathway, whereas mmFATP3, mmFATP5, and mmFATP6 cannot.
EXPERIMENTAL PROCEDURES
Strains, Media, and Materials-The S. cerevisiae strains LS2086 (faa1⌬1.9::HIS3 fat1⌬0.48::G418) and YB525 (faa1⌬1.9::HIS3 faa4⌬0.3::LYS) used in this study have been previously described and are detailed under "Results" (15, 32) ; the plasmids used in this study are detailed below. Yeast strains were routinely transformed using lithium acetate (33) . Yeast-supplemented minimal media contained 0.67% yeast nitrogen base (YNB), 2% dextrose (YNBD), adenine (20 mg/liter), uracil (20 mg/liter), and amino acids as required. To induce the protein expression, cells were grown in YNB containing 2% galactose and 2% raffinose (YNBGR). Cells were grown in minimal YNBD media overnight, subcultured in minimal YNBGR liquid media, and grown to mid-log phase at 30°C. For the experiments monitoring protein expression and acyl-CoA synthetase determination, 25 ml of cell culture was grown under inducing conditions for ϳ16 h to midlogarithmic phase (optical density monitored at A 600 ϭ 0.8 -1.0) and then harvested. For complementation studies, cells were grown on minimal YNBGR plates supplemented with 45 M cerulenin and 100 M oleate as detailed in the figure legends.
Yeast extract, yeast peptone, and yeast nitrogen base were obtained from Difco. Oleic acid was obtained from Sigma.
3 H-or 14 Clabeled fatty acids were from PerkinElmer Life Sciences and American Radiolabeled Chemicals. 4,4-Difluoro-5-methyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (C 1 -BODIPY-C 12 ) was purchased from Molecular Probes. Enzymes required for all DNA manipulations were from Promega, Invitrogen, New England BioLabs, U. S. Biochemical Corp., or Roche Molecular Biochemicals. Anti-T7 antibody was purchased from Invitrogen.
Construction of mmFATP Expression Plasmids-The yeast expression vector pDB121 was generated by inserting CYC terminator (CYCt) into YEpGALSET983 cleaved with AccIII and HindIII. Like YEpGAL-SET983, pDB121 is used to generate T7-tagged chimeras. The CYC terminator allows efficient transcription termination of the mammalian coding sequences expressed from the GAL10 promoter in yeast. CYCt was amplified by PCR using pYES2.1/V5-His-TOPO (Invitrogen) as template using the forward primer 5Ј-GTAGAAGCTTCCATCACCAT-TGAGTTTCTAG-3Ј and the reverse primer 5Ј-GTAGTCCGGAAGT-CAGTGAGCGAGGAAGCG-3Ј.
The coding sequence of FAT1 was cloned into the SacI-KpnI sites of pDB121 to generate pDB304. The coding sequence was first PCR amplified using the Expand High Fidelity PCR System TM (Roche Diagnostics) using pDB106 (34) as template. The forward primer was 5Ј-GCG-GAGCTCATGTCTCCCATACAGGTTGTTG-3Ј and the reverse primer was 5Ј-CGCGGTACCATGCTCTAATGGAAAGGTAC-3Ј. The sequences encoding mmFATP1-5 were amplified by PCR from cDNA clones using the Expand High Fidelity PCR System to create restriction sites XhoI and HindIII. Sequences of primers used for amplification are listed in Table II . The PCR fragments were cloned in-frame to the T7 epitope tag of yeast expression vector pDB121 to generate pDB282, pDB283, pDB284, pDB285, and pDB286 (mmFATP1-5 respectively; Table II) .
To generate a yeast expression clone of mmFATP6 (mACSVL2; mVLCS-H1), the cDNA was first isolated and cloned from mouse heart RNA. Total RNA was prepared using TRIzol reagent (Invitrogen), treated with DNase I (Roche), and 1 g was reverse transcribed using the ThermoScript TM RT-PCR First Strand cDNA Synthesis kit (Invitrogen). The mmFATP6 cDNA was amplified by PCR using forward primer 5Ј-ATTGGATCCCTGCTGGAGGECTGGGCACCCATGCTCCTGTCA-3Ј, which incorporates a BamHI site, reverse primer 5Ј-CGCTCTAGAT-GATTGTCCACAAGGAAG-3Ј, which incorporates an XbaI site, and mouse heart cDNA as template. The PCR product was gel purified and cloned into BamHI-and XbaI-cleaved pcDNA3 (Invitrogen). The fulllength cDNA insert was then sequenced and confirmed to be identical to that of XM_128932 (NCBI nucleotide data base). A second round of PCR was used to generate BglII and KpnI ends for subcloning to pDB121 to generate pDB289 (Table II) .
Expression and Localization of mmFATP1-6 in Yeast-Cells (faa1⌬ fat1⌬) transformed with pDB121 or the Fat1p and mmFATP derivatives of pDB121 were grown under inducing conditions in YNBGR (with appropriate supplements) to A 600 of 0.8 -1.0. Following growth, cells were harvested by centrifugation, washed twice with PBS, and resuspended to a density of 4.8 ϫ 10 8 cells/ml in 10 ml of 10 mM Tris, pH 7.5, 0.2 mM EDTA, 0.2 mM dithiothreitol, 25 M phenylmethylsulfonyl fluoride. The resuspended cells were lysed using glass beads by vigorous vortexing on ice for 10 min; total membrane and plasma membranes were isolated as detailed by Zinser and Daum (35) . For the plasma membranes two discontinuous sucrose gradients were routinely used. The expression of the mmFATP isoforms in total cell lysates, total membrane, and purified plasma membranes were monitored using Western blots probed with anti-T7 antibody. Anti-Gas1p (gift from Dr. Howard Reizman) and anti-Sec61p (gift from Dr. Randy Schekman) were used as plasma membrane and endoplasmic reticulum markers, respectively. Oleoyl-CoA synthetase activities were determined in total membrane and plasma membrane fractions as detailed below.
Fatty Acid Transport Monitored Using the Fluorescent Fatty Acid C 1 -BODIPY-C 12 -Following growth under selective conditions, cells were harvested and resuspended in 0.5 ml of PBS (6 ϫ 10 7 cells/ml). All steps were performed at room temperature. Cells were incubated with 5 M C 1 -BODIPY-C 12 for 3 min, washed with PBS containing 15 M fatty acid-free bovine serum albumin three times, and resuspended in PBS for measurement of fluorescence on a Varian Cary Eclipse fluorescence spectrophotometer (Varian Instruments, Walnut Creek, CA) (36) . C 1 -BODIPY-C 12 was excited at 480 nm and emission was scanned from 500 to 600 nm. The maximum emission (at 515 nm) was used to quantitatively determine the amount of C 1 -BODIPY-C 12 taken up by cells by comparison with a standard curve generated using serial dilutions of C 1 -BODIPY-C 12 of a known concentration. The values presented represent the average from at least three independent experiments. All experiments were subjected to analysis of variance (StatView, SAS Institute, Inc.).
Accumulation of C 1 -BODIPY-C 12 was also monitored using confocal laser-scanning microscopy. Following the fluorescence measurements detailed above, cells were placed on a poly-L-lysine-treated multiwell slide (ICN, Fisher Scientific, Pittsburg, PA) and visualized on a Zeiss LSM510 confocal laser-scanning microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY). The instrument settings for brightness and contrast were optimized to ensure that the confocal laser-scanning microscope was set for full dynamic range relative to cells without Fat1p (faa1⌬ fat1⌬ cells transformed with the vector pDB121) and those expressing yeast Fat1p (faa1⌬ fat1⌬ cells transformed with pDB304 (FAT1)). The same settings were used for all subsequent image collections. An argon laser source was used for imaging with excitation at 488 nm and emission at 505 nm.
Quantification of Fatty Acyl-CoA Synthetase Activities-Yeast cells were diluted from overnight cultures in YNBD and subcultured to 0.1 A 600 in 25 ml of YNBGR under selective conditions for the plasmid and grown to 1.0 A 600 . Cells were harvested by centrifugation (1800 ϫ g, 10 min, 4°C), washed once with PBS, and resuspended in 1.0 ml of extraction buffer (1.2 M sorbitol, 20 mM potassium phosphate, pH 7.4, 4 mM EDTA, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride) to a density of 7.5 ϫ 10 8 cells/ml. The samples were sonicated on ice for 2 min with intervals of 3 s on/off. Sonicates were clarified by centrifugation (300 ϫ g, 3 min, 4°C) and crude extracts were used to assess acyl-CoA synthetase activities. Standard acyl-CoA synthetase activity assays were performed as previously described (16) . In the experiments defining the oleoyl-CoA synthetase activities, total membrane, and plasma membrane fractions, sorbitol was not included in the cell lysis buffer and the cells were lysed using glass beads as opposed to sonication. To preserve membrane integrity, this method of lysis is less efficient, which in turn results in lower acyl-CoA synthetase activities in these samples. These experiments were analyzed independently from those completed using whole cell extracts. Protein concentrations in the crude extracts, total membrane, and purified plasma membrane were determined using a commercial assay kit employing bovine serum albumin as standard (Bio-Rad). The values presented represent the average from at least three independent experiments performed in duplicate. All experiments were subjected to analysis of variance (StatView, SAS Institute, Inc.).
Fatty Acid Analysis-Cells were grown overnight in YNBD supplemented with amino acids as required and diluted to an A 600 of 0.1 in 100 ml of YNBGR. When the cell density reached A 600 of 0.8 -1.0, cell growth and metabolism were stopped by the addition of 1/10 volume of 6.6 M perchloric acid. Cells were harvested by centrifugation for 10 min at 5000 ϫ g (4°C). The pellet was resuspended in 10 mM perchloric acid and the sample was transferred to a 15-ml glass tube. Acid-washed cells were again pelleted by centrifugation and the supernatant removed by aspiration. Total lipids extraction and fatty acid analysis were conducted as detailed (34) . The values presented represent the average from at least three independent experiments. All experiments were subjected to analysis of variance (StatView, SAS Institute, Inc.).
RESULTS

Characterization of the Yeast faa1⌬ fat1⌬ Strain for Comparative Biochemical Studies-
The faa1⌬ fat1⌬ strain of S. cerevisiae provides a well defined genetic background to investigate the biochemical properties of the murine FATP isoforms because it is deficient in fatty acid uptake and has reduced ACSL activity. The faa1⌬ fat1⌬ strain is unable to import long-chain fatty acids (up to ϳ500 M) from the growth media because of a deletion in the Fat1p structural gene, FAT1 (fat1⌬). This is evidenced by our previous work which demonstrated that strains with a deletion in FAT1 fail to accumulate the fluorescent long-chain fatty acid analogue C 1 -BODIPY-C 12 and have severely reduced transport rates of [ 3 H]oleate (14) . This defect in fatty acid transport causes a severe growth restriction when fat1⌬ cells are cultured under 1) hypoxic conditions or 2) conditions where endogenous fatty acid synthesis is blocked using cerulenin whether or not the media is supplemented, as required by wild type cells, with long-chain fatty acids. Cells with a deletion in FAT1 alone have wild type long-chain acyl-CoA synthetase activities (14) but the faa1⌬ fat1⌬ strain is defective in the major ACSL (Faa1p) encoded within FAA1, which is involved in the activation of fatty acids obtained from an exogenous source (34) . Faa1p accounts for nearly 75% of the total oleoyl-CoA synthetase activity in the yeast cell, whereas a second ACSL Faa4p accounts for ϳ25% of the total activity (16) . It is important to point out that the faa1⌬ fat1⌬ strain relies on Faa4p for the ACSL activity required to import fatty acids by vectorial acylation (16) . Because our investigations of the murine FATP isoforms require analysis of both fatty acid import and activation, this strain provides a sensitive indicator of each of these activities contributed by the murine FATPs expressed in yeast.
Expression of mmFATP1-6 in the faa1⌬ fat1⌬ Strain of S. cerevisiae-To express the murine FATP isoforms (Table I) in yeast, we cloned the listed open reading frame of each into the expression vector pDB121 such that transcription is driven by the galactose-inducible GAL10 promoter and transcription (14) . g BACS has been experimentally defined as a bile acid CoA ligase (43) .
is terminated by the strong CYC terminator (Table II) . The proteins were also tagged with an amino-terminal T7 epitope to monitor expression and to define subcellular localization. The mmFATP isoforms were expressed to comparable levels in whole cells and in total cell membranes following a 16-h induction with galactose ( Fig. 1) . We routinely monitored the expression levels of each of the mmFATP isoforms in all experiments using Western blots and T7 antibody. The expression of the different mmFATP isoforms varied only slightly between experiments (5-8% determined by scanning the Western blot films and quantifying the band intensity). As we were interested in addressing the role(s) of these isoforms in the import of exogenous fatty acids, we also isolated plasma membranes and showed that each mmFATP isoform was, at least in part, localized to this membrane fraction (Fig. 1) . Previous work has shown that mmFATP1, -4, and -6 are all localized to the plasma membrane in adipocytes, enterocytes, and cardiomyocytes, respectively (37) (38) (39) . There is less data on mmFATP2, -3, and -5 although there is some evidence showing that the human orthologues of FATP2 and -5 are found in intracellular membranes and in peroxisomes (31) . Given that each mmFATP isoform was expressed at comparable levels under these growth conditions and localized to plasma membrane, we next tested whether they would complement the growth restriction of the faa1⌬ fat1⌬ strain imposed by the fatty acid synthesis inhibitor cerulenin. Cells were first grown in YNBGR under selective conditions to mid-log phase, collected by centrifugation, and resuspended to a cell density of 3 ϫ 10 7 cells/ml in YNB. The cell suspensions were serially diluted (10 Ϫ1 -10 Ϫ4 ) in YNB and 3 l of each dilution was spotted to three different indicator plates to assess phenotype: YNB containing galactose, raffinose (YNBGR), and 100 M oleate; YNBGR containing 45 M cerulenin; and YNBGR containing 45 M cerulenin and 100 M oleate. The plates were incubated at 30°C for 2-5 days and scored for growth (Fig. 2) . Two controls, faa1⌬ fat1⌬ cells harboring the vector pDB121 alone and faa1⌬ fat1⌬ cells carrying pDB304 encoding the yeast Fat1p gene, FAT1, were included and demonstrated that growth on media containing cerulenin is dependent upon longchain fatty acids in a Fat1p-dependent manner. Expression of mmFATP1, -2, and -4 each restored the wild type phenotype suggesting that these isoforms were able to complement the transport defect in the faa1⌬ fat1⌬ strain. Our previous work had demonstrated that mmFATP1 expressed from a constitutive promoter was able to fully complement a fat1⌬ strain consistent with the present data (17) . The finding that mmFATP4 is an apparent functional orthologue of Fat1p was not surprising as the mmFATP1 and mmFATP4 isoforms share the most amino acid identities and similarities. Of note from these phenotypic studies was the finding that mmFATP2 was apparently fully functional in the fatty acid import pathway, whereas mmFATP3, -5, and -6 were not. Murine FATP5 has been shown to be a bile acid CoA ligase (31) and mmFATP3 is an ACSVL (40) . The inability to complement the growth phenotype of our yeast fat1⌬ strain reported here for these two proteins is consistent with roles outside the transport of exogenous long-chain fatty acids. One surprising result was the finding that mmFATP6 did not complement the growth defect of the faa1⌬ fat1⌬ strain even though this protein was found in the plasma membrane. The Stahl laboratory has reported that the mmFATP6 isoform is a heart-specific FATP that is found in the plasma membrane, which facilitates fatty acid transport (39) . It is possible the restoration of growth on media containing cerulenin plus oleate is a very stringent test of the transport function, which could not be met by this protein expressed in yeast. Therefore, we investigated the transport function more thoroughly as described below.
We also tested the complementation of each of the mmFATP isoforms in the faa1⌬ faa4⌬ strain, which cannot transport exogenous long-chain fatty acids because of deletions in the structural genes encoding the ACSLs Faa1p and Faa4p, one or the other of which is required for transport. As detailed above, FIG. 1. Expression and localization of the mmFATP isoforms in S. cerevisiae. Transformants of the strain faa1⌬ fat1⌬ were grown to mid-logarithmic phase in the presence of galactose as detailed under "Experimental Procedures" and expression of mmFATP1-6 was determined using Western blots probed with anti-T7 sera (␣-T7) in whole cells (left), total membrane (center), and isolated plasma membrane (right). Gas1p (␣-Gas1p) and Sec61p (␣-Sec61p) are the markers for the plasma membrane and endoplasmic reticulum, respectively. the cells were grown under selective conditions to mid-log phase, serially diluted and spotted to three different indicator plates to assess the phenotype. The plates were incubated at 30°C for 2-5 days and scored for growth. Three controls, faa1⌬ faa4⌬ cells harboring the vector pDB121 alone; pDB304 encoding the yeast Fat1p gene, FAT1; or the major yeast acyl-CoA synthetase Faa1p gene, FAA1, were included and demonstrated that in this strain growth on media containing cerulenin requires a functional acyl-CoA synthetase (Fig. 2) . None of the expressed mmFATP isoforms were able to complement the faa1⌬ faa4⌬ strain, which suggested they lacked sufficient oleoyl-CoA synthetase activity to overcome the genetic block. These results are particularly informative as they indicate the long-chain acyl-CoA synthetase activities contributed by Faa4p (in the faa1⌬ fat1⌬ strain) or Faa1p (the positive control in the faa1⌬ faa4⌬ strain) are essential for growth on plates containing cerulenin and oleate.
Patterns of C 1 -BODIPY-C 12 Accumulation in the faa1⌬ fat1⌬ Expressing the Murine FATP Isoforms-One of the hallmarks of a fully functional fatty acid transport apparatus, which in yeast includes a functional FATP (Fat1p) and a cognate ACSL (Faa1p or Faa4p) is the ability to accumulate the fluorescent long-chain fatty acid analogue C 1 -BODIPY-C 12 (14) . Following growth in the presence of galactose to induce expression, the faa1⌬ fat1⌬ cells harboring the different FATP expression plasmids were incubated with C 1 -BODIPY-C 12 as previously detailed and imaged using confocal microscopy (Fig. 3) . Cells expressing Fat1p or containing the vector alone were included as positive and negative controls, respectively. As expected, cells expressing Fat1p were able to take up the fluorescent long-chain fatty acid analogue, whereas those containing the plasmid vector were not. Consistent with the growth phenotypes reported above, expression of mmFATP1, -2, and -4 resulted in a robust ability to import C 1 -BODIPY-C 12 , whereas mmFATP3, -5, and -6 were essentially unable to take up the exogenous C 1 -BODIPY-C 12 . These data confirm that only mmFATP1, -2, and -4 were functional orthologues of Fat1p and are likely to function in concert with the ACSL Faa4p to promote the activation-coupled fatty acid import.
In an effort to quantify the levels of C 1 -BODIPY-C 12 import, we developed a spectrofluorometric method, which allowed us to quantify the transport levels observed using confocal microscopy (36) . This method provided a measure of the levels of transport over a 3-min period (Table III) . These data demonstrated that mmFATP1 and -4 had the highest levels of transport giving 153 and 245 pmol/3 min/10 6 cells, respectively. The cells expressing mmFATP2 or Fat1p had levels that were more comparable and, like mmFATP1 and mmFATP4, were significantly higher than vector alone. Employing this method, mmFATP3 and -5 had measurable levels of transport, which were not obvious when visualized using confocal microscopy. On the other hand, cells expressing mmFATP6 had levels essentially equivalent to the faa1⌬ fat1⌬ cells carrying the vector alone, again confirming that this protein does not facilitate fatty acid import in this system. These results would also suggest there is a baseline level of transport required to detect accumulation of the fluorescent fatty acid analogue C 1 -BODIPY-C 12 by confocal microscopy. The data also demonstrated that the spectrophotometric assay is more sensitive. However, the physiological measure of fatty acid uptake in the faa1⌬ fat1⌬ strain, growth on the fatty acid synthesis inhibitor cerulenin with fatty acid supplementation, more closely reflects data obtained using the confocal microscopic method.
Evaluation of Acyl-CoA Synthetase Profiles in the faa1⌬ fat1⌬ Strain of S. cerevisiae Expressing the Murine FATP Isoforms-As detailed in the Introduction, a number of laboratories have shown that members of the FATP family have intrinsic acyl-CoA synthetase activity. The patterns of fatty acid import defined above are consistent with the complementation data, which collectively support the proposal that at least Fat1p, mmFATP1, mmFATP2, and mmFATP4 are involved in the import of exogenous fatty acids across the yeast plasma membrane. These data presume that if the process of fatty acid transport is linked to activation (as is the case in yeast (16) ), the yeast ACSL Faa4p contributes that function. To confirm and extend these data, we chose to define the contribution of each isoform to acyl-CoA synthetase activities using three different fatty acid substrates: oleate (C 18:1 ), arachidonate (C 20:4 ), and lignocerate (C 24:0 ) ( Table IV) . As noted above, the faa1⌬ Ϫ1 , 10 Ϫ2 , 10 Ϫ3 , and 10 Ϫ4 in YNB. Three microliters of the original volume and each dilution were spotted to the plates noted above, which were then incubated up to 120 h at 30°C. In the lower panel using the faa1⌬ faa4⌬ strain the positive control is the expression of the major yeast acyl-CoA synthetase Faa1p .   FIG. 3 . Import of the long-chain fatty acid analogue C 1 -BODIPY-C 12 monitored using confocal microscopy in a faa1⌬ fat1⌬ strain of S. cerevisiae expressing mmFATP1-6 and Fat1p. Shown are representative images from at least five independent experiments for Fat1p and each mmFATP isoform. Vector refers to the faa1⌬ fat1⌬ strain transformed with pDB121.
fat1⌬ strain is wild type for FAA4, which contributes an intrinsic acyl-CoA synthetase activity, particularly for C 18:1 (9.34 nmol/min/mg of protein). Despite the presence of the ACSL Faa4p, this strain had very low levels of activities toward C 20:4 and C 24:0 substrates (0.16 and 0.007 nmol/min/mg protein, respectively). The expression of Fat1p in our control experiments did not confer any additional activity toward oleate or arachidonate when compared with cells carrying the vector alone (Table IV) . Thus the acyl-CoA synthetase activity driving transport must necessarily come from the ACSL Faa4p. As expected, expression of Fat1p increased the lignoceryl-CoA synthetase activities 9-fold higher compared with control cells (p Յ 0.01). Previous work has shown that Fat1p (26), mmFATP1 (27, 29) , mmFATP2 (21, 41) , mmFATP3 (40) , and mmFATP4 (28, 30) can activate very long-chain fatty acids, including lignocerate. More recent work from the Bernlohr laboratory (29) using purified mmFATP1 and mmFATP4 has shown that these isoforms can activate a broad range of fatty acid substrates. For mmFATP1, there is a broad range preference for fatty acids (29) , although for mmFATP4 the preference is more restricted to long-and very long-chain substrates (30) . Of particular note were the findings that purified mmFATP1, mmFATP4, and mmACSL1 had similar lignoceryl-CoA synthetase activities, whereas mmACSL1 and mmFATP4 had considerable palmitoyl-CoA synthetase activities (29, 30) .
When oleate (C 18:1 ) was used as the fatty acid substrate, all mmFATP isoforms except mmFATP3 contributed small increases (p Յ 0.01 for mmFATP1, mmFATP4, and mmFATP6) in oleoyl-CoA synthetase activity over the control vector alone or those expressing Fat1p. These increases ranged from 1.31-to 1.63-fold over the vector control. When compared with the oleoyl-CoA synthetase activities of wild type yeast (37.15 nmol/min/mg of protein), these increases are relatively minor. Cells expressing mmFATP3 did not have any additional oleoyl-CoA synthetase activity when compared with the controls. When arachidonate (C 20:4 ), a long-chain polyunsaturated fatty acid, was used as the fatty acid substrate, cells expressing mmFATP4 had considerable activity (3.83 nmol/min/mg of protein) compared with control cells. Whereas while not quite as high, cells expressing mmFATP1, -2, -3, and -6 also had highly significant levels of arachidonylCoA synthetase activity when compared with vector alone (p Յ 0.01). The levels measured in extracts from the faa1⌬ fat1⌬ cells expressing mmFATP5 were essentially that defined for the controls and not statistically different.
Several of the FATP proteins were first identified as very long chain acyl-CoA synthetases (ACSVL) (31, 41, 42) . Our laboratory and others also noted that ACSVL (43) activities were depressed in fat1⌬ strains and were increased when Fat1p was overexpressed (17, 25, 26, 34) . This led us to evaluate patterns of activation of lignocerate (C 24:0 ) when murine FATP isoforms were expressed in yeast (17) . As expected, the expression of Fat1p increased lignoceryl-CoA synthetase activities 9-fold. These activities are comparable with levels found in the wild type strain. The mmFATP3 and mmFATP6 isoforms had comparable activities with this substrate and were also significantly increased when compared with the vector control (p Ͻ 0.01). Of particular note were the robust activities of mmFATP1, -2, and -4 (0.24, 0.68, and 0.86 nmol/min/mg of protein, respectively), all of which were much higher than the vector control (p Ͻ 0.001). Only mmFATP5 was unable to activate this substrate consistently with the recent report that this enzyme activates bile acids rather than fatty acids (31) .
Evaluation of Acyl-CoA Synthetase Profiles Total Membrane and Isolated Plasma Membrane Isolated from the faa1⌬ fat1⌬ Strain of S. cerevisiae Expressing the Murine FATP Isoforms-
The total oleoyl-CoA synthetase activities shown above indicated there were only modest differences upon expression of the different mmFATP isoforms. The enzymatic profiles were not consistent with the growth phenotypes in the faa1⌬ fat1⌬ strain or the patterns of C 1 -BODIPY-C 12 import. In an effort to address whether the mmFATP-specific oleoyl-CoA synthetase activity was localized to the membrane and sufficient to drive vectorial acylation, total membrane and plasma membranes were isolated and tested for enzymatic activity (Table  V) . The purity of the membrane fractions was monitored using Western blots and fraction-specific antisera as shown in Fig. 1 . As expected, the expression of Fat1p did not increase oleoyl-CoA synthetase activities in either the total membrane or isolated plasma membrane fractions. The expression of mmFATP2, -3, and -5 increased oleoyl-CoA syn- thetase activities slightly in both fractions, but not significantly higher than the vector control. The expression of mmFATP1 had just over a 3-fold higher level of activity in total membrane when compared with the vector control, but only at a modestly significant level. Within isolated plasma membrane, the expression of mmFATP1 did not significantly change oleoyl-CoA synthetase activities. The expression of mmFATP4 and mmFATP6 in the faa1⌬ fat1⌬ strain, however, increased oleoyl-CoA synthetase activities in total membrane and isolated plasma membrane fractions. The notable finding from these experiments was that oleoyl-CoA synthetase activities within the plasma membrane fraction did not mirror the complementation and patterns of C 1 -BODIPY-C 12 import data in the faa1⌬ fat1⌬ strain. We suggest the oleoyl-CoA synthetase activity from Faa4p in the faa1⌬ fat1⌬ strain is the driving force for transport as opposed to the intrinsic synthetase activities of the different mmFATP isoforms. It may well be that for mmFATP4 the 11-fold enzymatic activity in the faa1⌬ fat1⌬ strain contributes to transport along with the yeast ACSL, Faa4p. Experiments to address this question are presently under way.
Total Fatty Acid Profiles in faa1⌬ fat1⌬ Cells Expressing the Murine FATP Isoforms-When yeast cells contain a deletion in FAT1,
there is an accumulation of very long-chain fatty acids, particularly C 24:0 , which is ϳ5-fold higher than wild type. We have previously reported that the levels of very long-chain fatty acids are inversely proportional to lignoceryl-CoA synthetase activities (34) . This proportionality was most apparent when we analyzed and compared a series of mutant Fat1p proteins with single amino acid substitutions in domains of the protein that are highly conserved within members of the FATP family (34) . In the present experiments, when we expressed Fat1p from the GAL10 promoter, very long-chain fatty acid levels were restored (Table VI) . Consistent with the data presented above indicating that mmFATP1, -2, and -4 are fully functional orthologues of yeast Fat1p, these three proteins also have reduced levels of very long-chain fatty acids. However, mmFATP3, -5, and -6 were not able to complement this phenotype, despite the fact that mmFATP3 and -6 restored lignoceryl-CoA synthetase activities. Again these data lead to the conclusion that fatty acid transport and very long-chain acylCoA synthetase activities can be dissociated.
Analysis of the fatty acid profiles of cells expressing murine FATPs also revealed some interesting and unique patterns, particularly when evaluated in concert with the lignoceryl-CoA synthetase profiles shown in Table IV . First, mmFATP1, -2, and -4 each had lignoceryl-CoA synthetase activities that were considerably higher than cells expressing Fat1p, only cells expressing mmFATP1 or FATP4 but not FATP2 had further reduced levels of very long-chain fatty acid levels when compared with Fat1p as might be expected if VLFA levels were completely correlated with ACSVL activities contributed by these proteins. Second, the lignoceryl-CoA synthetase activities for mmFATP3 and -6 were essentially the same as those for Fat1p, yet the C 24:0 levels remained high and comparable with the vector control.
DISCUSSION
Members of the murine FATP protein family (Ensembl Protein Family ENSF00000000557 and solute carrier gene family Slc27) have, in general, been assigned one of two functions. Either they were characterized as fatty acid transporters (mmFATP1, -4, and -6) or as very long-chain acyl-CoA synthetases (mmFATP2, -3, and -5). Only mmFATP1 has been assessed for both activities and was found to facilitate uptake of long chain fatty acids and activation of very long-chain fatty acids when expressed both in mammalian cells in culture (13, 27) and yeast (17) . There has also been considerable debate as to whether or not the acyl-CoA synthetase activity associated with these proteins is the driving force for the apparent fatty acid uptake function. Our laboratory has extensively characterized the yeast FATP orthologue Fat1p and our data are consistent with the hypothesis that the transport and activation activities are separable (34) . This conclusion is supported by several findings. First, Fat1p-dependent uptake is specific for long-chain fatty acids, whereas Fat1p-dependent activation is specific for very long-chain fatty acids. Second, alaninescanning mutagenesis of FAT1 identified specific amino acid residues within Fat1p required for either the transport function or the activation function, but not both. Third, activation of long-chain fatty acids, which is coupled to uptake, is catalyzed by either Faa1p or Faa4p (16) . A physical complex is formed between Fat1p and Faa1p or Faa4p, which facilitates longchain fatty acid uptake by the process of vectorial acylation (15) . In the present study, we exploited the well defined yeast system to evaluate the six murine FATP family members with regard to fatty acid transport and activation. Each of the murine proteins was expressed in a yeast strain deficient in fatty acid transport because of deletion of the FAT1 gene and limited in long-chain fatty acid activation because of deletion of the FAA1 gene (faa⌬ fat1⌬). This strain allowed us to monitor contributions of the heterologous proteins for transport and activation using several growth and biochemical phenotypes associated with the loss of Fat1p. We found all six murine proteins were expressed at comparable levels in yeast and like Fat1p localized, in part, to the plasma membrane. However, only three proteins, mmFATP1, -2, and -4, were able to restore all activities and phenotypes associated with wild type Fat1p when expressed in the faa1⌬ fat1⌬ strain. With the exception of mmFATP5, expression of each of the murine proteins was correlated with increases in activation of the very long-chain fatty acid lignocerate. Conversely, transport of long-chain fatty acids is not specifically because of the FATP-dependent activation function. Additionally, our data demonstrate individual features associated with each of the murine FATPs that may reflect their unique roles in fatty acid metabolic homeostasis. None of the mmFATP isoforms were able to complement the acyl-CoA synthetase-deficient faa1⌬ faa4⌬ strain, which supports the notion that the intrinsic acyl-CoA synthetase activity associated with these proteins is unable to promote vectorial acylation of exogenous fatty acids. Rather, these data support the hypothesis that vectorial acylation requires a multiprotein complex, which in yeast we have shown consists of FATP (Fat1p) and ACSL (either Faa1p or Faa4p) (15) . The most extensively characterized FATP family member is mmFATP1. A clone encoding the protein was first isolated from an adipocyte cDNA library by selecting for COS-7 cells expressing proteins that caused the intracellular accumulation of the fluorescent fatty acid analogue C 1 -BODIPY-C 12 (13) . Coexpression of mmFATP1 and the major acyl-CoA synthetase (Acsl1) increases transport over double what each protein does individually, which supports our work in the yeast system showing that Fat1p and ACSL (Faa1p or Faa4p) form a functional complex (15, 37) . Analyses of both extracts enriched in mmFATP1 and purified mmFATP1 provided evidence that the protein also functions to activate very long-chain fatty acids with CoA, an activity required for subsequent metabolic utilization (27, 29) . This led to considerable discussion in the literature as to whether or not the acyl-CoA synthetase activity was driving the apparent fatty acid uptake. This conclusion seemed to be supported by mutational analysis of mmFATP1, which showed amino acid substitutions that eliminate the ATP/AMP binding function (presumed to be required for the formation of the acyl-adenylated intermediates of the acyl-CoA synthetase reaction) also eliminated fatty acid transport (34, 44, 45) . On the other hand, there are substantial data that indicates the substrate specificity of fatty acid activation and fatty acid transport are for very long-chain fatty acids and long-chain fatty acids, respectively. In yeast, Fat1p is clearly a dual functional protein and mmFATP1 can fully substitute for Fat1p in all activities (Ref. 17 and this study). None of the murine FATP isoforms contributed sufficient oleoyl-CoA synthetase activity to the faa1⌬ faa4⌬ strain to drive transport, therefore the apparent transport function observed for mmFATP1, -2, and -4 cannot be attributed to activation of long-chain fatty acids by these proteins. Thus, we have demonstrated that the activation function of the FATP family members is not required for fatty acid transport when evaluated in the genetically defined yeast system.
Our analyses of the acyl-CoA synthetase activities and fatty acid composition of cells expressing the various FATP isoforms proved very interesting. If we compare acyl-CoA synthetase activities with the three substrates tested, fatty acid profiles, and the ratio of unsaturated fatty acids to saturated fatty acids, it becomes apparent that expression of each of the murine proteins confers a unique profile. These disparities cannot merely be explained by variations in expression between each of the murine proteins in yeast because expression was carefully monitored and was comparable between expressed proteins. For example, mmFATP1 is very similar to Fat1p in most categories, which is consistent with our earlier results. The faa1⌬ fat1⌬ cells expressing mmFATP2 had relatively high acyl-CoA synthetase activities with C 20:4 and C 24:0 but fatty acid profiles were intermediate between the faa1⌬ fat1⌬ cells with vector alone and those expressing Fat1p. Analysis of the ratio of total unsaturated fatty acids to saturated fatty acids is depressed in cells expressing mmFATP2, which may affect membrane fluidity and membrane protein function (46 -48) . Murine FATP4 functions as an acyl-CoA synthetase, particularly for C 18:1 , C 20:4 , and C 24:0 fatty acids. Murine FATP3 confers essentially the same acyl-CoA synthetase profile as Fat1p but does not facilitate uptake or restore C 24:0 levels. Murine FATP5 does not restore any of the phenotypes associated with fat1⌬ and cannot be considered a functional orthologue. Thus, there is no simple correlation between transport, acyl-CoA synthetase activities, and fatty acid profiles. It is therefore expected that these proteins are not merely redundant but have differing roles in fatty acid metabolism, which will be important to evaluate in their native environment.
One of the surprising results of our analyses was the inability of mmFATP6 to complement the transport defect of the faa1⌬ fat1⌬ strain. This protein has been described as a heartspecific fatty acid transport protein. When expressed in yeast, mmFATP6 restored C 24:0 acyl-CoA synthetase activity in cell extracts and was localized to the plasma membrane where it contributed considerable oleoyl-CoA synthetase activity but did not restore fatty acid transport or limit accumulation of very long-chain fatty acids. It is possible that the inability of mmFATP6 (and perhaps mmFATP3) to complement the transport defect in this strain is a result of its inability to dock with Faa4p (as the cognate ACSL) to form a functional transportactivation complex. Although we have not examined the murine ACSL enzymes in this study, preliminary evidence from our laboratory suggests that mmACSL1 can complement strains deficient in both FAA1 and FAA4 in all activities including fatty acid transport. Paired expression of the murine FATP and ACSL proteins in a yeast fat1⌬ faa1⌬ faa4⌬ strain should allow us to evaluate the interaction between these proteins in fatty acid transport and downstream trafficking in future work.
In summary, the present study is the first direct comparison of the yeast fatty acid transport protein Fat1p and the six murine FATP orthologues. Our results indicate that the members of this protein family are not completely functionally redundant but possess unique properties. We found variations in the ability to facilitate long chain fatty acid import, activate various fatty acid substrates, and maintain long-chain and very long-chain fatty acid levels when each isoform was expressed in yeast. This is the first study that directly compares the six FATP family members in the context of fatty acid transport and activation and provides valuable information regarding their functions, which can now be extended to their native environments.
